Background: Triple-negative breast cancer (TNBC) remains difficult to be targeted. SET and cancerous inhibitor of protein phosphatase 2A (CIP2A) are intrinsic protein-interacting inhibitors of protein phosphatase 2A (PP2A) and frequently overexpressed in cancers, whereas reactivating PP2A activity has been postulated as an anticancer strategy. Here we explored this strategy in TNBC. Methods: Data from The Cancer Genome Atlas (TCGA) database was analyzed. TNBC cell lines were used for in vitro studies. Cell viability was examined by MTT assay. The apoptotic cells were examined by flow cytometry and Western blot. A SET-PP2A protein-protein interaction antagonist TD19 was used to disrupt signal transduction. In vivo efficacy of TD19 was tested in MDA-MB-468-xenografted animal model. Findings: TCGA data revealed upregulation of SET and CIP2A and positive correlation of these two gene expressions in TNBC tumors. Ectopic SET or CIP2A increased cell viability, migration, and invasion of TNBC cells. Notably ERK inhibition increased PP2A activity. ERK activation is known crucial for Elk-1 activity, a transcriptional factor regulating CIP2A expression, we hypothesized an oncogenic feedforward loop consisting of pERK/pElk-1/CIP2A/ PP2A. This loop was validated by knockdown of PP2A and ectopic expression of Elk-1, showing reciprocal changes in loop members. In addition, ectopic expression of SET increased pAkt, pERK, pElk-1 and CIP2A expressions, suggesting a positive linkage between SET and CIP2A signaling. Moreover, TD19 disrupted this CIP2A-feedforward loop by restoring PP2A activity, demonstrating in vitro and in vivo anti-cancer activity. Mechanistically, TD19 downregulated CIP2A mRNA via inhibiting pERK-mediated Elk-1 nuclear translocation thereby decreased Elk-1 binding to the CIP2A promoter. Interpretation: These findings suggested that a novel oncogenic CIP2A-feedforward loop contributes to TNBC progression and targeting SET to disrupt this oncogenic CIP2A loop showed therapeutic potential in TNBC.
Introduction
Protein phosphatase 2A (PP2A) functions as a serine/threonine phosphatase that regulate multiple cellular signaling pathways such as inactivating pAkt and pERK through direct dephosphorylation [1] .
PP2A has been implicated as an important tumor suppressor and its loss of function has been identified in several solid cancers including breast cancer [2, 3] . Accordingly, PP2A controls the cell cycle as well as cell apoptosis [4] . Although loss of PP2A activity is crucial for tumor growth, mutations in PP2A subunits are very rare in breast cancers [5, 6] . The trimeric form of PP2A consists of catalytic (PP2Ac), scaffold (PP2AA) and regulatory (PP2AB) subunits. Alterations in the A subunit that impair integration of the C and/or B subunits have only been observed in breast cancers at a low frequency [5] , suggesting that other mechanisms can affect PP2A activity. Indeed, some cellular PP2A-interacting proteins, such as SET (I2PP2A, inhibitor 2 of PP2A) and cancerous inhibitor of PP2A (CIP2A), inhibit PP2A activity through direct interaction with PP2A [4] .
Both SET and CIP2A have been shown to be up-regulated in a variety of cancers and their expression generally correlates with poor prognosis [7] [8] [9] . In breast cancer, SET and CIP2A have been shown frequently overexpressed. Knockdown of SET and CIP2A decreases tumorigenesis [9] . In particular, CIP2A levels were elevated in TNBC compared with non-TNBC and associated with high histological grade and lymph node metastasis [10] . CIP2A has been shown to interact directly with c-MYC and impair its degradation by inhibiting PP2A activity [11] . Previous studies have indicated CIP2A also suppresses PP2A-dependent dephosphorylation of pAkt (Ser473) [12] [13] [14] [15] , and plays a determinant role in drug-induced apoptosis of several known and investigational anticancer agents, such as bortezomib, tamoxifen, erlotinib derivatives, natural compounds, and small molecules [7, 14, [16] [17] [18] [19] , comprehensively reviewed by De et al. [18] and Soofiyani et al. [19] . In addition, CIP2A expression can be controlled by the transcription factor Elk-1 in TNBC cells [14, 16] .
In contrast, SET inhibits PP2A activity via binding to both N-terminus and C-terminus regions of PP2A [20] . Previous studies have reported that SET activates the transcription factor AP-1, downregulates Akt signaling, inhibits the DNase activity of NM23-H1 tumor-suppressor, or negatively regulates p53 acetylation result in its suppression [21] [22] [23] . Given the importance of PP2A inhibition in maintaining the activation c-Myc-and Akt-driven oncogenic survival signals, CIP2A and SET are attractive and potential therapeutic targets for cancer therapy. Collectively, restoring PP2A activity, such as by PP2A-activating drugs (for example a peptide drug OP449, and a sphingolipid analogue FTY720), has been implicated as a potential anti-cancer strategy [24] [25] [26] .
In the present study, we found SET and CIP2A were upregulated in TNBC patients and the gene expression level of SET was positively correlated with that of CIP2A. SET-or CIP2A-overexpressing TNBC cells demonstrated increased cell viability, migration, and invasion. Moreover, we noted that ERK inhibition increased PP2A activity. Since that PP2A is known for dephosphorylating (inactivating) ERK [1] , whereas ERK phosphorylation is also crucial for Elk-1 activation (phosphorylation) and nuclear translocation [27] [28] [29] , therefore we hypothesized an oncogenic feedforward loop consisting of pERK/pElk-1/CIP2A/PP2A. We validated the loop by knockdown of PP2A and ectopic expression of Elk-1. In addition, ectopic expression of SET increased pAkt, pERK, pElk-1 and CIP2A expressions. We then used TD19, a novel SET/PP2A protein-protein interaction inhibitor that has been reported to induce cancer cell apoptosis by increasing PP2A activity [30] [31] [32] , to decipher the potential relevance of SET and CIP2A in TNBC. We found that this SET antagonist TD19 exerted anti-tumor effects through inhibiting SET-PP2A interaction and CIP2A/PP2A/pAkt-mediated pathway. We concluded that a novel oncogenic CIP2A-feedforward loop contributes to TNBC progression and targeting SET to disrupt this oncogenic CIP2A loop showed therapeutic potential in TNBC.
Materials and methods

Reagents and antibodies
SET antagonist TD19 (EMQA), a derivative of erlotinib with chemical name of N 4 -(3-ethynylphenyl)-6,7-dimethoxy-N 2 -(4-phenoxyphenyl) quinazoline-2,4-diamine), was kindly provided from Dr. Chung-Wai Shiau's lab. The chemical structure and synthesis of TD19 has been disclosed in previous studies [31, 33] , and its mechanisms as a SET inhibitor has been also reported in prior studies [30, 32] . Akt inhibitor (MK-2206) inhibitor and ERK inhibitor (SCH772984) were purchased from Selleckchem (Houston, TX, USA). TD19 at different concentrations were dissolved in dimethyl sulfoxide (DMSO) and added to cells in Dulbecco's Modified Eagle Medium (DMEM) containing 1% FBS. Antibodies used for Western blots of pElk-1 and Elk were obtained from Santa Cruz Biotechnology (San Diego, CA, USA), Other such as CIP2A, PARP, PP2Ac, Akt, pAkt (Ser473), beta-actin, caspase-3, ERK, pERK, pBcl2 (Ser70), Bcl2, pc-Myc (S62), c-Myc, Lamin B, Tubulin, GFP and Myc-tag were purchased from Cell Signaling (Danvers, MA, USA). Cycloheximide (CHX) was purchased from Sigma-Aldrich (St Louis, MO, USA). MTT was purchased from Sigma-Aldrich.
Cell culture
The MDA-MB-231, MDA-MB-453, MDA-MB-468, HCC1937, Hs 578 T, BT-20, MCF7 and MCF 10A cells were obtained from American Type Culture Collection (Manassas, VA). All cells were cultivated in DMEM (Gibco) with 10% FBS, 2-mM L-glutamine, 0.1-mM nonessential amino acids and 1% penicillin/streptomycin in a 5% CO 2 atmosphere at 37°C.
Migration and invasion
The migration and invasion assays were performed in 24-well plate for 12 and 20 h respectively. Cells (2 × 10 4 ) in 200 microliter of serum free medium were seeded onto upper Cell Culture Insert with 8 μm pores (Greiner Bio One) for migration assay. For invasion assay, the Cell Culture Insert was coated with Matrigel matrix (Corning) and airdried the Matrigel layer. Rehydrate the dried Matrigel layer for 2 h by adding serum free medium for subsequent assay. Cells (4 × 10 4 ) in 200 microliter of serum free medium were seeded onto upper Cell Culture Insert with 8 μm pores. The lower chamber contained 900 microliter of complete medium. The cells migrated or invaded to the Cell Culture Insert membrane which were fixed with methanol for 10 min and stained with 0.005% crystal violet for 1 h. The numbers of migrated or invaded cells were counted under the microscope from 10 random fields.
Research in context
Evidence before this study
Protein phosphatase 2A (PP2A), a serine/threonine phosphatase, functions as a tumor suppressor that regulates multiple oncogenic pathways such as inactivating pAkt and pERK. SET and CIP2A are intrinsic inhibitors of PP2A and frequently overexpressed in cancers. Restoring PP2A activity has been implicated as a potential anti-cancer strategy.
Added value of this study
We found upregulation of SET and CIP2A and positive correlation of these two gene expressions in triple-negative breast cancer (TNBC) tumors. Notably, ERK inhibition increased PP2A activity, reduced pElk-1 and CIP2A expression. We have identified a feedforward loop consisting of pERK/pElk-1/CIP2A/PP2A and that SET inhibition by a small molecule (TD19) can disrupt this CIP2A-feedforward loop by restoring PP2A activity. Moreover, this SET inhibitor enhanced cisplatin cytotoxicity in association with CIP2A-downregulation in TNBC cells.
Implications of all the available evidence
Our data have disclosed a novel oncogenic CIP2A-feedforward loop that contributes to TNBC progression which can be therapeutically targeted using TD19, a novel SET/PP2A protein-protein interaction inhibitor
Western blot
Cells treated with drugs at the indicated concentrations for different periods of time were collected and prepared for Western blot, and lysates were analyzed. The protocol of Western blot analysis was described as previously report [34] .
Apoptosis analysis
Drugs-induced cell apoptosis were measured by sub-G1 analyzing of Propidium iodide (PI)-stained cells using flow cytometry and Western blot analyzing cleavage-PARP and caspase-3. For flow cytometric analyzing, cells were collected and washed with phosphate buffered saline (PBS), furthered by fixation of 100% ethanol at −20°C for 24 h. After fixation, cells were removed from ethanol and washed with PBS. Cells were re-suspended in PBS containing 4 μg/milliliter PI and analyzed by flow cytometry (BD Bioscience).
Cell viability assay
Cells were seeded to 96-well plates for 24 h and treated with indicated concentration of TD19 and cisplatin for 72 h. The treated cells were added 0.5 mg/milliliter MTT to each well and incubated for 2 h at 37°C. The violet precipitates were subsequently dissolved in 100 microliter of DMSO. The absorbance at 570 nm was measured on an UQuant reader.
PP2A activity
The phosphatase activity of PP2A were assessed using PP2A immunoprecipitation phosphatase assay kit (Millipore, Billerica, MA, USA) as previously describe [34] . Briefly, the whole-cell extracts or tumor homogenates were prepared in 20 mM imidazole HCl, 2 mM EDTA, 2 mM EGTA with proteases inhibitor (10 μg/milliliter each of aprotinin, leupeptin, pepstatin, 1 mM benzamidine, and 1 mM PMSF). And then, pNPP Ser/Thr Assay Buffer with anti-PP2Ac antibody and Protein A agarose slurry was added and incubated for 24 h at 4°C. Protein phosphatase activity was determined by measuring the generation of free phosphate by adding 750 μM phosphopeptide substrate. After 10 min of incubation at 30°C, the malachite green was added and determined by measuring optical density at 650 nm.
Transfection
Cells were transfected with Myc-tagged CIP2A (gene name KIAA1524), Elk-1-GFP, Myc-DDK-tagged-Human SET or pCMV-6 expression plasmids separately. Briefly, cells were seeded into 6-cm dish for 24 h and transfected with indicated plasmid using Lipofectamine 2000 (Thermo Fisher Scientific, CM, USA) following to manufacturer's instructions. After 48 h, cells were collected for Western blotting and sub-G1 analyzing. For small interfering RNA Gene knockdown, MDA-MB-468 cells were seeding 24 h and transfected with PP2Ac Smartpool small interfering RNAs (siRNA) or control siRNA (final concentration of 50 nM) using DharmaFECT 1 Transfection Reagent (T-2001-01) according to manufacturer's instructions. After transfection 48 h, the transfected cells were treated with TD19 or DMSO for 48 h, cell were collected and assayed for Western blot and apoptosis analysis by flow cytometry. SiRNAs including the control (D-001810-10) and PP2Ac (L-003598-01) were purchased from Dharmacon (Chicago, IL, USA). 
Luciferase assay
The promoter activity was determined by using the dual-luciferase reporter assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Briefly, MDA-MB-468 cells were co-transfected with the different length of CIP2A promoter luciferase reporter constructs and pGL4.74-renilla (Renilla luciferase reporter) as an indicator for normalization of transfection efficiency. After 24 h of posttransfection, cells were treated with TD19 (3 μM) or DMSO for 24 h. Cells were lysed and analyzed for dual-luciferase assay. The reporter assay was repeated three times in parallel for statistical analysis.
Nuclear cytoplasmic fractionation
Briefly, MDA-MB-468 cells were seeding for 24 h and treated with TD19 or DMSO for 24 h. Cells then collected and nuclear and cytoplasmic extracts were prepared using Nuclear and Cytoplasmic Extraction reagents (Thermo Fisher, CM, USA) according to the manufacturer's instructions. The cell fraction extracts were validated and quantified by Western blotting for markers that specifically express in each of fractions.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) was performed using Pierce Agarose ChIP Kit (Thermo Fisher Scientific, CM, USA) according to the manufacturer's instruction. Briefly, MDA-MB-468 cells were treated with TD19 or DMSO for 24 h. After drug treatment, cells were washed with PBS and subsequently added 1% formaldehyde for fixing crosslinking between chromatin (DNA) and proteins at room temperature for 10 min. Cells were furthered lysed for DNA digestion by Micrococcal Nuclease at 37°C for 15 min; Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific) were added in cell lysis step to avoid protein degradation. Lysates were purified by centrifugation at 12,500 ×g for 5 min at 4°C. Immunoprecipitation was assayed by adding Elk-1, or rabbit IgG antibodies as negative control. The immunocomplex was precipitated by incubation with 25 microliter of protein A/G sepharose beads for 1 h at 4°C. The protein/DNA complex was eluted using 200 microliter of elution buffer from the beads. Cross-linking of protein-DNA was disrupted by adding 8 microliter of 5 M NaCl at 95°C for 15 min. The DNA was purified using spin columns and used in the PCR reaction for amplification of the CIP2A promoter region (−139 to −16 nt). Anti-RNA polymerase II antibody and GAPDH primers were provided by the manufacturer as a positive control for chromatin immunoprecipitation assay.
Combination index calculation
Cells were treated with TD19 (0.6-2.4 μM) and cisplatin (1.2-4.8 μM). The combination index (CI) was determined using the Chou and Talalay method and the software package CompuSyn (Biosoft, Ferguson, MO, USA). A CI value of b1 was defined as synergism.
Reverse transcription-PCR
MDA-MB-468 cells were treated with TD19 or DMSO for 24 h, total RNA was extracted from cells using TRIzol Reagent (Invitrogen, San Diego, CA, USA) and RT-PCR was performed following to the manufacturer's instructions (Thermo Fisher Scientific, CM, USA). RT-PCR products were validated using specific primers for human CIP2A (forward primer, 5′-TGGCAAGATTGACCTGGGATTTGGA-3′; reverse primer, 5′-AGGAGTAATCAAACGTGGGTCCTGA-3′), and using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene as an internal control (forward primer, 5′-CGACCACTTTGTCAAGCTCA-3′; reverse primer, 5′-AGGGGTCTACATGGCAACTG-3′).
Xenograft tumor growth
All animal experiment was conducted under an approved by Institutional Animal Care and Use Committee of Taipei Veterans General Hospital. Female BALB/c nu/nu mice (5-7 weeks of age) were purchased from the National Laboratory Animal Center (Taipei, Taiwan) and maintained in an SPF-environment. Each mouse was subcutaneously injected in the dorsal flank with 5 × 10 6 MDA-MB-468 cells suspended in 100
microliter of a 1:1 mixture of PBS and Matrigel (BD Biosciences, Bedford, MA, USA) under isoflurane anesthesia. The volume of tumor was measured using the standard formula width 2 × length × 0.52. When tumors reached around 200 mm 3 , mice were orally administered of TD19
(10 mg/kg body weight) or control PBS as vehicle three times a week for around 6 weeks. All the mice were sacrificed on day 43, and the xenografted tumors were harvested and assayed for subsequent experiments.
Immunohistochemical staining
Immunohistochemical staining procedure has been described [13] . Briefly, primary antibodies against CIP2A (ab84547, Abcam, UK), pAkt (pAkt1/2/3 Thr 308, Santa Cruz, sc-16,646-R), and SET (A302-262A, Bethyl Laboratories) were used at 1:100, 1:200, and 1:500 dilution for overnight incubation, respectively. The slides were then counterstained with hematoxylin stain solution. Rabbit IgG was used as a control for antibody specificity. To detect the apoptosis, tumor tissue samples were stained the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) method with S7100 ApopTag® peroxidase in situ Apoptosis Detection Kit (Merck Millipore Corporation, Darmstadt, Germany), according to the manufacturer's instructions. Staining signals were detected using the EnVisionTM system (Dako, USA).
Determining histology score (H-score)
IHC stainings were assessed semiquantitatively by a H-score, ranging from 0 to 300, as defined by multiplying the percentage of positive-stained carcinoma cells (from 0 to 100) by the staining intensity (from 0 to 3) [35] . The intensity of staining was scored as negative (score 0), weak (score 1), moderate (score 2), and strong staining (score 3). The determination of H-score was performed by a pathologist (Dr. PY Chu) specialized in breast pathology independently with blinding of the clinical information of tumor specimen. The third quartile H-score of SET (score of 180) was selected for defining low versus high expressing tumors and clinical-pathological correlation.
TCGA data analysis
Patient tumor subtypes and gene expression data for breast cancers was accessed from TCGA public data portal (https://tcga-data.nci.nih. gov/tcga/). Level 3 released gene level expression data for expression data for RNAseq were downloaded. The data processing and quality control were conducted by Broad Institute's TCGA workgroup. The RNAseq gene expression level 3 data contains RNAseq by ExpectationMaximization (RSEM) [36] . RSEM values of CIP2A (gene name KIAA1524) and SET gene expression were retrieved and analyzed according to clinical factors. For survival analysis from the TCGA dataset of TNBC cases, RSEM z-scored values using z-score transformation [37] were retrieved and a cut-off value of 2 was defined for higher versus lower CIP2A expression.
Statistical analysis
Data are expressed as mean ± SD or SE. Statistical comparisons were based on nonparametric tests, and statistical significance was defined as a P value b0.05 by Student's t-test. For survival analysis, DFS curves of patients were generated by the Kaplan-Meier method and compared by Log-rank test. All statistical analyses were performed using SPSS for Windows software, version 12.0 (SPSS, Chicago, IL, USA).
Results
SET is upregulated in patients with TNBC and relates to poor survival
To examine the clinical significance of two cellular inhibitors of PP2A, SET and CIP2A, the data from The Cancer Genome Atlas (TCGA) database was analyzed. We found patients with TNBC showed increased CIP2A level in TCGA database previously [14] . The transcript level of SET was higher in TNBC tissues than normal tissues (Fig. 1a) and positive correlated with CIP2A and Ki-67 (Fig. 1b, left and middle) . It has been reported that Elk-1 upregulated CIP2A expression by interacting with the proximal CIP2A promoter [38] , we found the expression level of CIP2A slightly positive correlated with Elk-1 level (Fig. 1b, right) . CIP2A gene alterations, including copy number variation and mRNA dysregulation, were linked to poor disease-free survival (DFS) but not overall survival (OS). SET gene alterations showed a trend toward poor OS (Supplementary Fig. 1a ). Upregulation of mRNA is the highest alteration frequency of CIP2A and SET gene (Supplementary Fig. 1b) . Moreover, samples with CIP2A or SET gene amplification or mRNA upregulation also harbored higher corresponding transcripts level compared with those without ( Supplementary  Fig. 1c ). However, CIP2A or SET mRNA upregulations were not significantly associated with lower OS and DFS in TNBC patients (Fig. 1c) . Further, we collected samples from 91 TNBC patients and performed IHC staining. The mean SET H-score was 121.2 (0−300) for TNBC tumor tissues compared with 38.0 (0-160) for normal tissues. The mean CIP2A H-score was 115.8 (10−300) for TNBC tumor tissues compared with 49.8 (0-140) for normal tissues. IHC stainings were assessed semiquantitatively by a H-score. The H-score of SET and CIP2A in TNBC tumor tissues were higher than normal tissues (Fig. 1e) . The expression level of SET was positively correlated with CIP2A, pAkt and Ki-67 levels (Fig. 1f) . To analyze the clinical significances of SET expression in TNBC, we divided patients into high and low expression SET subgroups based on the third quartile of H score of SET and analyzed for relationship of clinical variables. SET expressions did not correlate with age, stage, grade, tumor necrosis, lymphovascular invasion and CIP2A while associated with pAkt and Ki-67 (Supplementary Table 1 ). The in-house cohort exhibited high levels of SET and CIP2A show a trend toward lower DFS in TNBC (Supplementary Fig. 1d ). These data indicated SET was upregulated in TNBC tissues and correlated with CIP2A and Ki-67.
SET and CIP2A contribute to aggressiveness of TNBC cells
Data showed most of TNBC cell lines harbored higher levels of CIP2A and SET than epithelial cell MCF 10A and luminal-type MCF7 cells (Supplementary Fig. 2a) . To evaluate the role of CIP2A and SET in TNBC progression, TNBC cell lines were transiently transfected with CIP2A-, SETexpressing or control plasmids and evidenced by Western blot analysis. Interestingly, the level of CIP2A also elevated in SET-expressing cells (Fig. 2a) . Results showed that CIP2A and SET enhanced cell viability, migration and invasion abilities of MDA-MB-231 and MDA-MB-468 cells (Fig. 2b-d) while knockdown of CIP2A and SET suppressed these effects ( Supplementary Fig. 2b-e) . These data indicated CIP2A and SET could act as oncogenes of TNBC in vitro.
3.3. ERK inhibition suppresses CIP2A/PP2A axis PP2A is known for dephosphorylating ERK [1] , and ERK phosphorylation is crucial for Elk-1 activation [28] . We would like to explore whether ERK inhibition disrupted Elk-1/CIP2A/PP2A axis (Fig. 3a) . ERK inhibition but not AKT inhibition reduced Elk-1 phosphorylation and CIP2A expression (Fig. 3b) . Intriguingly, ERK inactivation significantly increased PP2A activity (Fig. 3c) . Moreover, ERK inhibitor suppressed cell proliferation (Fig. 3d) which might partly result from cell apoptosis and cell cycle arrest ( Supplementary Fig. 3a-b) . The invasion ability of TNBC cells were also reduced by ERK inactivation (Fig. 3e) . Taken together, these results hinted the presence of ERK/Elk-1/CIP2A/PP2A oncogenic loop.
SET inhibitor triggers cell apoptosis through CIP2A/PP2A/pAkt signaling
To analyze the effects of disruption of SET and PP2A proteinprotein interaction, TNBC cells were treated with TD19 for further analysis. We found erlotinib derivative TD19 did not decrease EGFR phosphorylation ( Fig. 4a and Supplementary Fig. 4a ). TD19 could interrupt the association between SET and PP2Ac (Fig. 4b) . We further examined the effect of TD19 in PP2A regulation and found the phosphatase activity of PP2A was elevated in TD19-treated cells. Forskolin, a PP2A activator, showed a trend toward increase in PP2A activity; however, the negative control okadaic acid significantly decreased PP2A activity (Fig. 4c) . We also found TD19 decreased ERK and Elk-1 phosphorylation and CIP2A expression in dose-dependent manner ( Fig. 4d and Supplementary Fig. 4b ). Additionally, TD19 inhibited cell viability and elevated the apoptotic cells (Fig. 4e-f and Supplementary Fig. 4c-d) . TD19 downregulated CIP2A and pAkt as well as induced PARP cleavage in a dose-dependent and timedependent manner (Fig. 4g-h and Supplementary Fig. 4e-f) . We further examined the other PP2A downstream targets, which involved in apoptotic signaling, in TD19-treated TNBC cells. The phosphorylation of Bcl2 was decreased by TD19 whereas the phosphorylation of c-Myc was not ( Supplementary Fig. 4g ), suggesting TD19-elicited PP2A activation might induce cell apoptosis also through Bcl2 other than Akt signaling. Overall survival (OS) and disease-free survival (DFS) curves were plotted for TNBC cases with or without alteration of SET and CIP2A expressions. (e-f) The tissue sections were quantitatively scored according to the percentage of positive cells and staining intensity. SET and CIP2A expression scores in TNBC tissue specimens and normal tissues (e). The relative protein levels of CIP2A, pAkt and Ki-67 in TNBC tumor samples were positively correlated with those of SET levels (f). Rs, Spearman's rank correlation coefficient. Student's t-test, *, P b 0.05; **, P b 0.01; ***, P b 0.001.
Targeting SET disrupts oncogenic CIP2A feedforward loop
ERK activates Elk-1 resulting in Elk-1 transcriptional regulation of CIP2A expression which leads to a reduction in PP2A activity. PP2A inactivated Akt resulting in cell apoptosis. Our data revealed that TD19 led to ERK and Elk-1 inactivation, CIP2A reduction as well as PP2A activity elevation. We hypothesized the presence of ERK/Elk-1/CIP2A/PP2A oncogenic loop (Fig. 5a ). To validate this hypothesis, we analyzed the molecular events within TD19 treatment. TD19 suppressed pERK, pElk-1, CIP2A and pAkt as well as induced cell apoptosis which were restored by PP2Ac knockdown, Elk-1 and SET expression in MDA-MB-468 cells (Fig. 5b-d and Supplementary Fig. 5a-c) . SET knockdown downregulated pERK, pElk-1, CIP2A and pAkt while did not increase apoptotic cells. Furthermore, TD19 could still induce apoptosis in the background of SET knockdown, albeit slightly reduced apoptosis ( Supplementary  Fig. 5d ). These data indicated that TD19, at least in part, exerted its anti-TNBC activity through disrupting SET and CIP2A/PP2A/ERK/Elk-1 loop and thus downstream pAkt. However, other unidentified mechanisms may also contribute to the TD19-induced apoptosis. Cell apoptosis was significantly increased in TNBC cells with TD19 treatment which reduced by CIP2A restoration (Fig. 5e) . TD19-induced cell apoptosis was further enhanced by PP2A agonist forskolin whereas repressed by PP2A inhibitor okadaic acid treatment (Fig. 5f) . Furthermore, to decipher the molecular mechanism of TD19-suppressed CIP2A expression, the cycloheximide (CHX) chase analysis was conducted in MDA-MB-468 cells. The stability of CIP2A protein did not alter by TD19 treatment (Fig. 5g) . However, both of the transcript and the transcriptional activity of CIP2A promoter were significantly decreased by TD19 (Fig. 5h-i) . TD19 reduced cytosol and nuclear Elk-1 and the binding between Elk-1 protein and CIP2A promoter (Fig. 5j-k) . Mcl-1 has been reported regulated by Elk-1 [39] . We also found the transcriptional activity of Mcl-1 promoter and the binding of Elk-1 to Mcl-1 promoter were reduced by TD19 ( Supplementary  Fig. 5e-f) . These data demonstrated the existence of pERK/pElk-1/ CIP2A/PP2A oncogenic loop and SET inhibitor disrupted this feedforward loop. 
Combination of SET inhibitor and cisplatin enhances apoptotic effects
It has been reported that combination of chemotherapy and SET inhibitor exhibited a synergistic effect in decreasing cell viability and clonogenic activity [40] . Several clinical studies reported that platinum-based agents use as first-line treatment of patients with TNBC resulted in longer progression-free survival, but studies indicated that eventually becomes drug resistance [41] . To test the other therapeutic options, we tested the in vitro effect of TD19 plus cisplatin. MDA-MB-468 cells were sensitive to cisplatin than MDA-MB-231 cells (Fig. 6a) . TD19 plus cisplatin enhanced cell apoptosis in TNBC cells (Fig. 6b) . Combination of TD19 and cisplatin induced PARP cleavage whereas did not alter TD19-reduced phosphorylation of Akt, ERK and Elk-1 (Fig. 6c-d and Supplementary Fig. 6 ).
Targeting SET decreases tumor growth in vivo
To evaluate the capacity of SET inhibitor in TNBC treatment in vivo, the MDA-MB-468 xenograft was performed. TD19 treatment significantly reduced tumor size and tumor weight without body weight alteration (Fig. 7a-c) . The phosphatase activity of PP2A in TD19-treated tumor was elevated (Fig. 7d) . The levels of CIP2A and pAkt were suppressed accompanied by cleaved Caspase-3 and TUNEL-positive cells elevation (Fig. 7e-f and Supplementary Fig. 7 ). These data exhibited the therapeutic effect of SET inhibitor in TNBC treatment in vivo.
Discussion
In this study, we found SET and CIP2A contributed to the aggressive nature of TNBC. We discovered that a positive feedforward loop of CIP2A composed of CIP2A, PP2A, pERK and pElk-1 contributed to CIP2A expression. Furthermore, this CIP2A feedforward loop can be disrupted by a SET protein-protein interaction inhibitor, TD19. SET inhibitor TD19 induced cell apoptosis via ERK/Elk-1/CIP2A axis which elicited PP2A activity and inactivation of Akt (Fig. 7g) .
SET protein, first characterized in acute undifferentiated leukemia in 1994 [42, 43] , is later found to be an intrinsic cellular inhibitor of PP2A [20, 44] . SET has been known as an oncoprotein that is overexpressed in various cancers, including acute myeloid leukemia [45] , lymphoid malignancies [46] , head and neck cancers [47] , NSCLC [48] , and hepatocellular carcinoma [32] . Retrospectively, CIP2A level is elevated in TNBC and serves as prognostic marker of TNBC [10, 49] . Here, we showed the clinical significance of SET in TNBC. Our results exhibited both of SET and CIP2A were upregulated in TNBC tumor tissues compared to normal tissues and linked with poor overall survival (Fig. 1) . Overexpression of SET or CIP2A promoted cell viability, migration and invasion of TNBC cells (Fig. 2) . Although SET may promote cancer aggressiveness though other interacting partners, such as inhibition of the tumor suppressor NM23-H1 [22] and p53 [23] , or forming fusion proteins [50, 51] , the interaction of SET with PP2A has drawn a major attention in the development of anti-cancer strategies [25, 52, 53] . Recently, Hung has nicely reviewed the biological role, clinical relevance and potential therapeutic implication of SET protein in cancers [25] .
Notably, currently there have been several available drugs/compounds aiming to interfere with the interaction of SET and PP2A, such as a sphingosine analogue fingolimod (FTY720) [54] , an apolipoprotein E [55] , peptide mimetic OP449 (also named COG449) [40] and TD19 [30, 32] . FTY720 is an approved drug for multiple sclerosis, a devastating neurological disease characterized by chronic neuronal inflammatory demyelination of the central nervous system. The mechanism of action claimed for multiple sclerosis therapy is that FTY720 acts as a modulator of the sphingosine-1-phosphate receptor (S1P-R) on the surface of lymphocytes, prevents egress of lymphocytes from secondary lymphoid organs, and thus ameliorates CNS infiltration of these lymphocytes [56] . Although FTY720 has been demonstrated as a SET/PP2A proteinprotein interaction inhibitor, this "off-target" mechanism of action remains in preclinical model and FTY720 has not yet been tested in clinical trials as an anti-cancer drug. In contrast, OP449 was designated as a SET/PP2A protein-protein interaction inhibitor [40] and its anti-cancer efficacy has been tested in several preclinical cancer models [46, 57] , including breast cancer [9] .
ERK inhibitor suppressed CIP2A and induced PP2A activity in TNBC cells (Fig. 3) . High protein level of ERK in patients with TNBC is associated with short overall survival [58] . Mounting evidence mentions that targeting Raf/MEK/ERK pathway is a potential therapeutic strategy for TNBC [59] . Antagonizing inhibitors of PP2A is considered as a therapeutic strategy of TNBC. TD19 disrupted the interaction between SET and PP2A, enhanced PP2A activity and inactivated ERK and Elk-1. In addition, TD19 dephosphorylated Akt as well as induced cell apoptosis (Fig. 4) . Recently, a phase II trial demonstrates that adding an Akt inhibitor ipatasertib to paclitaxel enhances efficacy in patients with metastatic TNBC; patients receiving ipatasertib plus paclitaxel has longer progression-free survival than patients who received paclitaxel alone [60] . These findings indicate the need for further investigations of the efficacy of Akt-inhibiting agents in TNBC [61] . TD19 elevated PP2A activity which dephosphorylating ERK and Akt. Therefore, that TD19 indirectly inactivated ERK and Akt may also impair TNBC progression.
Despite that it is not our aim to compare the efficacies of these PP2A-activity modulators (TD19, ERK inhibitor, and forskolin), we used these agents with different mechanisms to demonstrate the existence of a novel CIP2A/PP2A/pERK/pElk-1 feedforward loop, and that interfering SET could perturb this loop. In terms of mechanisms of action, forskolin has been known as a cAMP inducer and reduces phosphorylation of PP2Ac at Tyr307 on the C-terminal tail of PP2A C-subunit, thereby activating PP2A [62, 63] . The finding that ERK inhibitor (SCH772984) increased PP2A activity is novel and has led us to discover the CIP2A/ PP2A/pERK/Elk-1 feedforward loop. In contrast, TD19, of which chemical structure was derived from erlotinib with distinct different drug effect, has been shown increasing PP2A activity by interfering SET/PP2A protein-protein interaction [30, 32] . Interestingly, forskolin has been shown induce apoptosis though its cAMP-induction, ERK inhibitor (SCH772984) can induce apoptosis through ERK inhibition [64] . In contrast, TD19 induced apoptosis, at least in part, through disrupting SET and CIP2A/PP2A/pERK/pElk-1 loop and thus downstream pAkt. Collectively, the magnitude of PP2A activity increment in vitro might not necessarily well-correlated with apoptosis induction.
Our data suggested the presence of pERK/pElk-1/CIP2A/PP2A oncogenic loop, and TD19 could interfere with this regulation (Fig. 5 ). The potential of inhibitors which targeting both of CIP2A and SET simultaneously is valuable evaluated for cancer treatment [65, 66] . Previous studies also mention that the existence of a positive CIP2A/c-Myc/ E2F1 positive feedback loop in chronic myeloid leukemia. SET has been reported inhibiting c-Myc degradation and stabilizing E2F1 through PP2A inhibition. Therefore, SET might participate in the regulation of CIP2A/c-Myc/E2F1 axis [67] .
Several studies revealed that SET/PP2A signaling participated in the regulation of drug resistance. SET-suppressed NDRG1 mediates cisplatin resistance in human lung cancer cells [68] . Knockdown of SET promotes cisplatin sensitivity in head and neck squamous cell carcinoma [69] . PP2A inhibition determines poor outcome and doxorubicin resistance in early breast cancer and its activation shows promising therapeutic effects [70] . Our data showed that combination of TD19 and cisplatin exhibited a synergistic effect in TNBC cells (Fig. 6) . Similarly, TD19 also enhances the chemosensitivity of NSCLC cells to paclitaxel [30] . Our finding that TD19 enhanced cisplatin cytotoxicity (Fig. 6 ) has particularly clinical relevance. Recently a large randomized phase III trial 'the Triple Negative Breast Cancer Trial' compared first-line treatment of either carboplatin or docetaxel in 376 patients with metastatic TNBC, and found that in subjects with germline-BRCA mutation, carboplatin had double the overall response rate of docetaxel (68% versus 33%, respectively; biomarker, treatment interaction P = .01) [71] . A retrospective study of Chinese population showed that platinum-based chemotherapy, in particular cisplatin-based regimens using at the first line may improve ORR and progression-free survival (PFS), but not overall survival. These clinical results suggest the clinical benefit of platinums (including cisplatin) in metastatic TNBC but also indicate a room for improving therapeutic benefit of platinums. Both MDA-MB-231 and MDA-MB-468 cells have been reported to harbor BRCA allelic loss but without BRCA mutations [72] . According to Lehmann [73] , MDA-MB-468 belongs to basal-like subtype (by Lehmann's classification) and more sensitive to cisplatin, whereas MDA-MB-231 is mesenchymal like subtype, and less sensitive to cisplatin (comparing to MDA-MB-468). In line with Lehmann, our data showed that either in cisplatinsensitive MDA-MB-468 or less sensitive MDA-MB-231 cells, targeting SET to disrupt CIP2A/PP2A/pAkt signaling is a feasible strategy to enhance cisplatin cytotoxicity, suggesting the possibility to test such combination strategy in future studies.
Our current study exerts some limitation, first the detail mechanisms of action of the SET/PP2Ac interaction inhibitor TD19 remains to be fully illustrated, such as whether TD19 influences the binding of other PP2A interactors. Moreover, our data show that TD19 induces apoptosis partly via SET and CIP2A/PP2A/pERK/pElk-1 axis, other unidentified pathways may also contribute to the anti-cancer activity of TD19. There are still unsolved questions and future studies are needed to fully decipher the relevant networks in SET, CIP2A and PP2A.
In summary, we discover a novel oncogenic CIP2A-feedforward loop in TNBC and targeting SET to disrupt oncogenic CIP2A feedforward loop shows therapeutic potential in TNBC.
